Equity options have a significant influence on the price discovery process. This paper presents unique evidence of substantial price clustering in individual equity options contracts. A particular contribution arises from investigating competing hypotheses on the roles of moneyness and maturity as determinants of option price clustering. We assert that options price clustering can be decomposed to price level, moneyness and maturity effects. After controlling for other factors, price clustering has an inverse relation with time to maturity. This supports the negotiation hypothesis, but not the price resolution hypothesis. Price clustering also tends to be inversely related to moneyness. This effect is linked to the intrinsic value component of option price. Both the maturity and moneyness effects act in an opposite direction to what would be anticipated on the basis of price level alone, hence these two effects are identified as additional influences on option price clustering. It is also found that the designated market maker scheme at NYSE Euronext-LIFFE has little influence on trade price clustering.
INTRODUCTION
Price clustering refers to the non-uniform distribution of final price digits in financial assets and reflects the tendency of market participants to use a coarser set of prices than that dictated by minimum tick size restrictions. Theory suggests that price clustering in financial markets could be a function of price uncertainties (Ball et al., 1985 , Aitken et al., 1996 , could arise from a need to minimise trade negotiation costs (Harris, 1991) , or could reflect investors' attraction to particular numbers (Goodhart and Curcio, 1991) and, given the existence of market makers, the tendency of the latter to maintain wider spreads (Christie and Schultz, 1994) . In derivatives markets, empirical studies are mainly focused on the futures markets (e.g. ap Gwilym et al., 1998a,b; Schwartz et al., 2004) and the sparse evidence on options contracts (ap Gwilym et al., 1998a; Capelle-Blancard and Chaudhury, 2007; Cheng et al., 2005 ) is restricted to stock index contracts. Finally, Ni et al. (2005) show that option trading induces stock price clustering. In particular, the authors show that stock prices for optionable stocks cluster around option strike prices at expiration dates, altering stock returns only for stocks that have tradable options. It is found that hedge rebalancing and stock price manipulation contribute significantly to price clustering in the underlying stocks at option expiration dates.
ap Gwilym et al. (1998a) report extreme price clustering in the FTSE100 index options contract traded at Euronext-LIFFE, which also tends to increase with price level. Low priced, out-of-the-money, near-to-mature contracts display less price clustering. Capelle-Blancard and Chaudhury (2007) show that price clustering in the CAC40 index option contract increases with the price level. Their findings on the effects of moneyness and maturity on price clustering are inconclusive. 1 The findings of ap Gwilym et al. (1998a) and Capelle-Blancard and Chaudhury (2007) offer more support for the attraction hypothesis than for other theories on price clustering. Cheng et al. (2005) report that quote and bid-ask spread clustering on the Hang Seng index futures and options decreased following a switch to electronic trading. The implementation of a relatively low tick size increased execution efficiency and transparency, allowing traders to use the full range of available prices.
Individual equity options contracts have been repeatedly praised for their contribution to price discovery and are found to lead the process of reflecting new information in market prices (see Hull, 2008) . This study offers an explanation of price clustering in individual equity option contracts that links price clustering with the intrinsic value and time value inherent in options. In contrast to equity markets, where price level is the key determinant of price clustering, we argue that determinants of options price clustering can be decomposed to price level, moneyness and maturity effects. It is hypothesised that price clustering in options contracts is the price of liquidity, 2 which has very important implications for the price discovery process. This also offers an approach whereby the negotiation and price resolution hypotheses can be tested for options contracts.
1 In Capelle-Blancard and Chaudhury (2007) , clustering is positively related to maturity, but this is not statistically significant when the effect of a change in tick size is accounted for. The relation between clustering and moneyness is also insignificant after controlling for the effect of a change in tick size. 2 The fact that price clustering can be modelled as a factor rather than the outcome of "order imbalances" is documented in McGroarty et al. (2007) . They use foreign exchange data, and no such study exists for options markets.
We find that options price clustering is strongly influenced by options contract characteristics. Clustering is inversely related to maturity. Prices tend to be clustered for the short-maturity contracts, because the need to trade in options contracts increases as the expiry date approaches (particularly to close out positions prior to maturity or to rollover exposure to the next maturity). We suggest that a revised version of the negotiation hypothesis tends to better explain the price clusteringmaturity relationship in individual equity options than does the price resolution hypothesis. Price clustering also tends to be inversely related to moneyness. This effect is linked to the intrinsic value component of the option price, and specifically that less clustering occurs when valuation is less "hazy" (see Aitken et al., 1996) .
Both the maturity and moneyness effects act in an opposite direction to what would be anticipated on the basis of price level alone, hence these two effects are identified as additional influences on price clustering for options. Also, the designated market maker scheme at NYSE Euronext-LIFFE has little influence on price clustering.
The remainder of this paper is structured as follows: The next section discusses our hypotheses for options price clustering. The "Data and Methodology" section outlines the data and methodological issues and the "Empirical Results" section presents and discusses the results. The "Conclusion" section summarises and concludes the paper.
HYPOTHESES FOR PRICE CLUSTERING IN OPTIONS CONTRACTS
According to the negotiation hypothesis (Harris, 1991) , price clustering is the result of the trade-off between reduced negotiation costs and increased price transparency.
Also, the price resolution hypothesis (Ball et al., 1985) argues that price clustering is a function of the amount of information about the true price of the asset that is available in the market. Thus, the less information about the asset's value, the more severe will be the degree of price clustering. The above hypotheses imply that rounding of traded and quoted prices can be seen as primarily dictated by price level; hence, it is generally accepted that price clustering is a positive function of the price level of assets, a finding that nests both the negotiation and the price resolution hypotheses.
In equity markets, price clustering is one-dimensional with regard to this price level effect. In contrast, options prices have time value and intrinsic value components. Hence, in options markets, price clustering is multi-dimensional and has embedded time-specific characteristics. It is thus possible to determine an indirect time determinant of clustering, the importance of which lies in the fact that it cannot be captured by the price level effect. First, the specification of maturity dates for each option contract introduces the concept of a time-effect in price clustering. The further a contract is from maturity, the greater the time value (all else being equal). Hence, observed price clustering should adhere to a time based pattern, where longer to mature contracts display different clustering to near-to-mature contracts because, apart from the price level effect, greater information uncertainties are embedded in the longer to mature contracts. Second, options contracts that are deep-out-of-the-money essentially have only time-value, while in-the-money options are more valuable thus trade at higher price levels. As above, it is hypothesized that failing to treat moneyness as separate from the price level effect leads to a crowding out of the separate influence of the variability in moneyness.
3 Based on the above considerations, the existing price clustering hypotheses should be regarded as insufficiently specific for options. In order to reflect options price clustering, there is a need to make important adjustments to the original hypotheses based on the maturity and moneyness elements.
In option contracts, the negotiation hypothesis also has a time dimension.
Given that European-style options can be exercised only at the expiration dates, the trading volume of an option contract is maximised on the expiration day. So, there is a climax of interest for these option contracts. On the other hand, for American-style options, such interest is more dispersed over time, and a trading peak, if such a peak exists, should be less pronounced. In Table I , we document that both volume and trading frequency increase as expiration approaches. The latter implies that under a volume-based explanation of price clustering, prices will cluster less for the shortermaturity contracts. On the other hand, the negotiation hypothesis assumes that traders will use a coarser set of prices as the urgency to trade increases (Harris, 1991) .
Consequently, because the negotiation cost hypothesis is associated with investors' urgency to trade, an adjustment is made in the hypothesis and we expect to observe option prices to cluster more for short maturities. ****Insert Table I about here*** 3 To some extent, this argument is related to Schwartz et al. (2004) where price clustering differences in front-and back-month futures contracts are found after controlling for the large differences in volume. However, the propositions in our study do not relate to trading volume as a dominant influence.
The price resolution hypothesis assumes that price clustering reflects the optimal degree of price resolution. For options, this implies that the approach of contract expiry and the resultant increased attention should improve the valuation of individual equity options. The underlying assumption for the above is that intrinsic value is a larger proportion of option price for short-maturity contracts than for longer maturities. In Table II , we decompose the option price to intrinsic value and time value. The intrinsic value (IV) component is calculated as the present value of the difference between the underlying asset price and the exercise (expressed as a proportion of the option price). The time value (TV) component is calculated as the difference between the present value of intrinsic value and the current option price.
4 Table II shows that, when controlling for the moneyness effect, IV is a higher proportion of the option price for the shorter-to-mature contracts. Consequently, under the price resolution hypothesis, price clustering should be less evident for the short maturity contracts, even after controlling for differences in the price level. We note that from Table I , a volume-based explanation would imply less clustering for out-ofthe-money options.
****Insert Table II about here*** 4 The present value of the intrinsic value (IV) component is calculated as follows: IV = (ST -X)e -rT for calls and IV = (X -ST)e -rT for puts, where ST refers to the underlying asset price, X is the exercise price, r is the risk-free rate (90 day T-Bill) and T is the days to maturity (divided by 365). This figure is then expressed as a proportion of the current option price. The time value (TV) component is calculated as the residual of the current option price less the intrinsic value.
Moneyness is reflected in the price level of options contracts. In-the-money options contracts trade at higher price levels (all else being equal), hence one might expect greater price clustering (as implied by Cheng at al., 2005) . ap Gwilym et al.
(1998) report that keeping maturity constant, less clustering is associated with in-themoney index options. When moneyness is greater, the intrinsic value is a larger proportion of the option's value (documented in Table II ). This implies a greater certainty of value (or less 'haziness' as in Aitken et al, 1996) , which could lead to less price clustering. This effect would be independent of the price level or any volume/liquidity considerations.
The above main testable hypotheses are presented in Table III . The negotiation hypothesis implies that price clustering increases with trade size and price level (Harris, 1991) . The price resolution hypothesis implies that greater information leads to less price clustering (Ball et al., 1985) . In this paper, we assert that as maturity interacts with the price level, the negotiation and the price resolution hypotheses give opposite predictions about the nature of the relationship between price clustering and maturity. Hence, the negotiation hypothesis in options contracts implies that short maturity contracts will exhibit more clustering as a result of increased urgency to trade. On the other hand, the price resolution hypothesis predicts that assets close to maturity will be priced more reliably, hence, less price clustering is anticipated. Cheng et al. (2005) show that price clustering increases for in-the-money contracts, reflecting higher price levels. However, Cheng et al. (2005) use the option price instead of the underlying price as only an approximation to moneyness and fail to control for the price level effect in their model, hence this hypothesis can only be tentatively suggested as the most appropriate. In contrast, we hypothesize that as the intrinsic value of options increases for the more in-the-money options, price clustering will decrease due to less price "haziness", after controlling for the price level effect.
Volume based explanations of the clustering-maturity and the clustering-moneyness relationships would be more consistent with Hypotheses 2a and 2b (as implied by Table I ), i.e. positive signs would be expected.
****Insert Table III The LSE data are supplied in CD format, whereas access to Euronext-LIFFE data is via NextHistory (online access by subscription). In order to control for stale and non-synchronous pricing problems, the most heavily traded assets are selected. Specifically, option assets that report more than 1500 trades during 2005 are selected, leading to a sample based on 28 equity options. In a similar manner to Chakravarty et al. (2004) , for an asset that has traded more than 1500 times over the calendar year, all the maturity/strike price contracts are included, which allows us to study price clustering across multiple moneyness and maturity levels.
6,7 ****Insert Table IV about here*** In order to evaluate the extent of price clustering in equity option contracts, the x 2 goodness-of-fit test statistic is used. The statistic measures how well the observed prices reflect the expected last digit distribution and is computed as follows:
with k possible ticks.
Under the hull hypothesis of no price clustering, x 2 would give a value close to zero.
In addition, a regression model based on hourly data is estimated to identify the determinants of price clustering in options contracts. The dependent variable, Clust, is the percentage of price observations at integers. In order to control for differences in the tick size, different regressions are estimated for the two tick sizes.
Also, different regressions are employed for call and put options, as well as for quotes and trades, hence a total of eight regressions are estimated.
We measure moneyness (MON) using the underlying stock prices as follows:
Where S is the contemporaneous price of the underlying stock. The denominator controls for the different price levels across option contracts.
The proxies for price level (PL) and trade size (TS) are the average trade price and trade size per hourly interval respectively (see ap Gwilym et al., 1998a) . As price clustering is assumed to increase with the price level (PL), a positive relationship is anticipated. In contrast, the negotiation cost hypothesis implies that there is an inverse relationship between trade size (TS) and price clustering. Also, if larger firms are more efficiently priced, they will experience less price clustering (Harris, 1991) . Firm size (FS) is proxied by each firm's market capitalization, which is obtained from
DataStream.
The volatility (Vol) estimate is the standard deviation of the natural logarithm of returns per asset and should be positively related to price clustering (Harris, 1991) .
In general, the calculation follows the procedure introduced by Sheikh and Ronn (1994) . Returns are calculated only for the at-the-money, nearest to mature contracts.
The ask prices are used (see Bollerslev and Melvin, 1994) . At each time interval, the first ask price is obtained. For the closing return calculation, the last ask price of the day is obtained. The closing ask price and the first ask quote of the next day are used for the computation of the opening returns. The procedure adopted is the following: at every hourly interval i the first ask price is obtained. Then, at the next hourly time interval i + 1, the ask price with the same strike price is obtained. The logarithmic return is calculated from these two prices. If however, there is no ask with the same strike price on the next interval i + 1, we search for the last available ask price in interval i with the required strike price. When the returns for the intervals i and i + 1 are calculated, the same procedure is repeated for the next interval i + 2. Different strike prices can meet the 'at-the-money' criteria for a given contract in consecutive intervals, and this is accounted for.
should be negatively related to price clustering because higher frequencies will reveal more about the true value of the assets (Harris, 1991) . TF is measured as the inverse square root of the number of transactions per day.
A dummy variable is used to proxy for the liquidity schemes provided by
Euronext-LIFFE (see also Anand and Weaver, 2006 The following model is estimated:
9 At Euronext-LIFFE, the continuity of quotes and competition in spreads is supported by Primary Market Makers. All individual equity options contracts are supported by a Primary Market Maker.
Further, the Designated Market Maker Scheme intends to complement the Primary Market Makers.
Their function is to provide spreads in generally larger quote sizes than are supported by Primary Market Makers (see Anand and Weaver, 2006 Table IX ).
EMPIRICAL RESULTS
This section documents the extent of price clustering in individual equity options. The first part gives a detailed description of the results at a univariate level, while the second part reports on the multivariate regression models. Aitken et al, 1996) , while for the larger tick, the negotiation hypothesis continues to hold (marginally). Table VII presents data for price clustering on the expiration day, the week preceding the expiration day and the remaining dates. This distinction is made on the basis of the increase in volume and on the increased urgency to trade on the expiration date (see Table I and also Chung and Chiang, 2006) . It is assumed that the build-up of interest is captured in the calendar week prior to the expiration day. Table VII shows that, when the tick is xx.25, price clustering peaks on the expiration day. Also, price clustering increases monotonically for quotes as the expiration day approaches and the These high degrees of clustering at the market open are partially attributed to the price uncertainty that prevails (see Ohta, 2006) . A different pattern is observed for the larger tick size (xx.50), as clustering for quotes at the market open is relatively low and increases during the first trading hour before it takes the standard U-shaped 13 It is also found that price clustering on expiration Fridays is greater than for non-expiration Fridays (results not presented in the interests of brevity).
Univariate Analysis
pattern for the remainder of the trading day. As with the smaller tick, trades are more clustered at the beginning of the day and other peaks are found during the trading day. ****Insert Figure 1 about here*** Table VIII presents the percentages of integer price clustering across call/put and trade types classified by maturity and moneyness. Since at this point we do not control for the price level effect, we expect this effect to predominate. This is true when differences within maturities are considered. It is found that for the nearer-tomaturity contracts, quote price clustering is strongly influenced by moneyness. Thus, prices for in-the-money contracts are more clustered than those for at-the-money contracts and prices for at-the-money contracts are more clustered than those for outof-the-money contracts. When maturity is more distant, the price clustering differences that are attributable to moneyness diminish. For the longest-to-mature contracts, price clustering levels are relatively consistent across differing moneyness.
For trades, the evidence on this point is less consistent, but a moneyness effect is present in many cases. ****Insert Table VIII about here***
Multivariate Analysis
Results of the regression analysis are presented in Table IX . The first column indicates the hypothesised sign for each coefficient. In Table IX, when controlling for price level, MON is negative in six cases and statistically significant in four of eight cases. This finding demonstrates that in-the-money contracts are less clustered than out-of-the money contracts, a finding that is not driven by the higher price level at which these contracts trade. 14 We therefore show that the finding of Cheng et al. (2005) is mainly driven by the price level effect. Most importantly, the above finding confirms the intrinsic value hypothesis (see Table III ). As the time value also reflects the speculative or "haziness" element of options values, clustering decreases with increasing moneyness. ****Insert Table IX about here***
The time-to-maturity (TTM) variable is negatively associated with price clustering in every case. In particular, TTM is negative and highly significant for quotes, while, for trades, the same relationship is found, albeit significant for the larger tick size only. This is clearly in line with hypothesis 1a in Table III, implying that price clustering increases when the need to conduct trades is more urgent. In options markets, it is assumed that the urgency to trade increases as expiry approaches.
The coefficient on PL is highly significant for quotes and for all trades at the xx.50 tick. These results support our view that maturity and moneyness effects influence the distribution of ending prices in options, and that these are separate effects from the price level. This is reinforced by the fact that price level is not a significant factor for trades at the smaller tick size.
14 The liquidity effect is also controlled for by TS (transaction frequency).
For firm size (FS) there are negative and strongly significant coefficients for all trades and quotes under the xx.50 minimum price increment. For the smaller tick, a significant negative relationship exists only for put trades. 15 However, the latter might be explained by the fact that for firms trading at the smaller tick size, a Designated Market Maker is assigned for 67% of observations, while for the larger tick size, this percentage falls to 55%.
There is a highly significant negative relationship between volatility and price clustering for quotes, which is in contrast with the previous literature on index options contracts. For trades, the coefficient on volatility is only significant for puts at the xx.25 tick size and this has the expected sign.
The negotiation hypothesis also predicts that price clustering should decrease with the average trade size, reflecting the increased cost of utilising smaller price increments. The results reveal that for the xx.25 tick size, the negotiation hypothesis holds for both quotes and trades (in terms of the expected sign). For the larger tick size, a highly significant positive relationship is found for quotes and an insignificant relationship for trades. Table IX gives mixed results on the signs of the DMM coefficients. For the xx.50 tick size, quotes are generally less clustered when designated market makers are assigned to assets. For the xx.25 tick size, the coefficients for quotes are positive and highly significant. The latter implies that quote price clustering tends to be significantly higher at the smaller tick for assets participating in the DMM scheme.
When trades are considered, the results are only significant for the xx.25 puts,
showing that there is a substantial decrease in price clustering when designated market makers are assigned.
Transactions' frequency is very important in trade price clustering, consistent with the information asymmetry hypothesis. There is a strong and highly significant positive relationship between price clustering and TF for all trades, reflecting the fact that market participants price assets more reliably by learning from previous trades (see Harris, 1991) . The coefficients for quotes are not significant, which reflects the fact that quote frequency tends to be relatively consistent in this sample.
The coefficients for the opening dummy (OD) are negative for quotes.
However, the opposite is true in three cases for trades. The CD coefficients show that 
CONCLUSIONS
Individual equity options contracts have been repeatedly praised for their contribution to price discovery and are found to lead the process of accumulating new information in market prices (see Hull, 2008) . However, as these contracts are often very low priced with a large minimum tick size, price clustering deteriorates the information content of trades. This is the first study of price clustering in individual equity options contracts.
Prior studies (albeit on index options) have implicitly assumed that, similar to equity markets, there is a clear-cut relationship between price clustering and the price level (ap Gwilym et al., 1998a, Capelle-Blancard and Chaudhury, 2007) . In contrast, we argue that options price clustering can be decomposed to price level, moneyness and maturity effects. Also, as the price level effect nests both the negotiation hypothesis and the price resolution theory, the findings are of particular importance for contract design and for assessing the price discovery process.
We assert that if the negotiation hypothesis holds, price clustering will increase close to expiry because of investors' increased urgency to conduct trades. In contrast, if the price resolution hypothesis holds, price clustering will decrease (asset is more correctly priced) as the intrinsic value increases as a proportion of price. Thus, there is a testable application for the negotiation versus the price resolution hypotheses.
For the relationship between price clustering and maturity, this paper's findings provide clear support for the negotiation hypothesis. There is an inverse relation between price clustering and maturity, which validates the hypothesis that when the need to conduct a trade is greater than the costs associated with price clustering, market participants will tend to use a smaller set of prices. The latter is independent of the price level because when maturity approaches, the price level will fall, all else being equal.
Price clustering also tends to be inversely related to moneyness. We argue that this moneyness effect is driven by an option's intrinsic value component. When moneyness is greater, intrinsic value is a higher proportion of option price. An increased intrinsic value component implies a greater certainty in option value, thus reducing price clustering. This element of the findings strongly supports the view that clustering decreases if valuation is less 'hazy' (Aitken et al, 1996) .
For the larger tick size, (xx.50) trade price clustering increases with firm size, however, when the minimum tick size is xx.25, a statistically significant relationship is only observed for put trades. Also, quote price clustering is significantly negatively related to volatility. Transaction frequency is strongly inversely related to clustering. Note. Tick Size refers to the minimum price increment. The optimal distribution for tick of xx.25 (xx.50) is 25% (50%). ChiSq refers to the x 2 test statistic. *, **, *** significant at the 10%, 5% and 1% levels, respectively. Perc. denotes percentage of prices at integers. 
